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With our coupled jet-fluid model, we study the nuclear modifications of full jets and jet structures
for single inclusive jets and γ-jets in Pb+Pb collisions at 5.02 ATeV and 2.76 ATeV. The in-medium
evolution of full jet shower is described by a set of coupled transport equations including the effects
of collisional energy loss, transverse momentum broadening and medium-induced splitting process.
The dynamical evolution of bulk medium is simulated by solving relativistic hydrodynamic equation
with source term which accounts for the energy and momentum deposited by hard jet shower to
soft medium. Our study demonstrates that the hydrodynamic medium response to jet propagation
significantly enhances the broadening of jet shape at large angles and is essential for the cone-size
dependence of jet energy loss and nuclear modification factor of inclusive jet production. It is also
found that the nuclear modification pattern of jet shape is sensitive to jet energy but has weak
dependence on the flavor of the parton that initiates the jet.
I. INTRODUCTION
In ultra-relativistic heavy-ion collisions, large trans-
verse momentum partons that are produced at early
stage of the collisions propagate through the quark-gluon
plasma (QGP) and experience elastic scatterings and in-
elastic radiative processes during their interactions with
the medium constituents. The phenomena involving jet-
medium interactions and parton energy loss are usually
called jet quenching, and have provided unique opportu-
nities to probe the novel properties of the QGP [1, 2].
Motivated by early jet quenching measurements at the
Relativistic Heavy Ion Collider (RHIC), many studies
have focused on the suppression of single inclusive hadron
spectra at high transverse momentum, which tends to be
sensitive to the energy loss of the leading parton in the
jet [3–12]. In addition, jet-related correlation measure-
ments such as dihadron and γ-hadron correlations, have
provided additional information on jet-medium interac-
tion, such as jet energy loss and medium-induced trans-
verse momentum broadening effects [13–19]. Recently,
experimental developments at both RHIC and the Large
Hadron Collider (LHC) made it possible to measure the
spectra and detailed inner structure of fully reconstructed
jets [20–26], which have provided much more detailed in-
formation on jet quenching and jet-medium interaction.
The measurements of abundant jet observables in ultra-
relativistic heavy-ion collisions encourage and stimulate
many theoretical efforts to understand the medium effect
on full jet productions and jet structures [27–54].
Many studies have found that the leading parton en-
ergy loss is mainly driven by the inelastic radiative
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processes [55–57], and elastic collisions is usually con-
sidered as complementary contribution (note that elas-
tic collisions become more important for heavy quarks
with low transverse momentum due to their finite mass
[12, 58, 59]). However, the nuclear modification of
full jet requires a more comprehensive understanding of
jet shower evolution in the dynamically evolving QGP
medium. Jets consist of many soft radiated partons as
well as the leading partons. It is interesting to find that
the collisional energy loss and medium absorption of soft
radiated partons play a crucial role in the modification of
jet spectra and substructures [28, 49]. In addition, some
jet energy is deposited into the medium via scatterings
and absorption, and then propagates as collective flow
excitations in the medium. The jet-induced flows will
enhance the hadron emission from the medium around
the jet axis direction. Since these enhanced hadrons are
correlated with the jets, they are always measured to-
gether with the jets and not subtracted as background.
It has been found that the jet-induced flows can cause
significant modifications of the outer soft part of the jets
[16, 51].
In this paper, we perform a comprehensive study of
the full jet modification for single inclusive jets and γ-
jets in Pb+Pb collisions at 2.76 ATeV and 5.02 ATeV
using a coupled jet-fluid model [28, 49, 51]. In this cou-
pled jet-fluid model, partons in jet shower experience
both elastic and inelastic processes during the in-medium
evolution according to a set of coupled transport equa-
tions. The evolution of the energy and momentum de-
posited by the jet shower into the medium, together with
the bulk medium evolution, is described by applying the
(3+1)-dimensional relativistic ideal hydrodynamic equa-
tion with source term. Based on the numerical simula-
tions with our coupled jet-fluid model, we present the
suppression of inclusive jet spectra, the modification of
γ-jet momentum imbalance distribution, and the nuclear
modification of jet shape for single inclusive jets and γ-
2jets. We first demonstrate the significant contributions
of hydrodynamic response to the cone-size dependence of
full jet suppression and jet shape modification. Then we
focus on the different jet shape modification patterns for
single inclusive jets [25] and γ-jets [60] measured by CMS
Collaboration: the clear collimation around the jet axis
direction for inclusive jets but nearly monotonic broaden-
ing for γ-jets. This difference is sometimes attributed to
the flavor composition of γ-jets and single inclusive jets:
γ-jets are dominated by quark-initiated jets while the in-
clusive jets have a significant fraction of gluon-initiated
jets [47]. Our study shows that the jet energy dependence
of the jet-medium interaction is crucial to understand the
observed difference between the jet shape modification
patterns for inclusive jets and that for γ-jets.
The paper is organized as follows. In Sec. II, we intro-
duce our coupled jet-fluid model that we use to calculate
the evolutions of parton shower and jet-induced flow in
the expanding QGP fluid. In Sec. III, we present and dis-
cuss the results on various full jet observables for single
inclusive jets and γ-jets in Pb+Pb collisions at 5.02 ATeV
and 2.76 ATeV. The summary is given in Sec. IV.
II. FRAMEWORK
In our coupled jet-fluid model, the jet shower evolu-
tion in the QGP medium is described by solving a set of
coupled differential equations for the three-dimensional
momentum distributions of quarks and gluons in the jet
shower, fi(ωi, k
2
i⊥) = dNi/dωidk
2
i⊥, where i denotes the
parton species (gluon, or quark plus anti-quark), ωi is
the parton’s energy and ki⊥ the parton’s transverse mo-
mentum with respect to the jet axis. The general form of
the differential equations can be written as follows [49]:
d
dt
fi(ωi, k
2
i⊥, t) =
(
eˆi
∂
∂ωi
+
1
4
qˆi∇
2
k⊥
)
fi(ωi, k
2
i⊥, t)
+
∑
j
∫
dωjdk
2
j⊥
dΓ˜j→i(ωi, k
2
i⊥|ωj, k
2
j⊥)
dωid2ki⊥dt
fj(ωj , k
2
j⊥, t)
−
∑
j
∫
dωjdk
2
j⊥
dΓ˜i→j(ωj , k
2
j⊥|ωi, k
2
i⊥)
dωjd2kj⊥dt
fi(ωi, k
2
i⊥, t).(1)
Here, the first and second terms on the right-hand side (in
the first line) account for the effects of collisional energy
loss and transverse momentum broadening due to elastic
scatterings with the medium constituents. The last two
terms represent medium-induced radiative processes, for
which we employ the splitting kernels dΓ˜i→j/dωd
2k⊥dt
from the higher-twist jet energy loss formalism [61, 62].
In Eq. (1), the information of the QGP medium is en-
coded in the jet transport parameters: eˆ for longitudinal
momentum (energy) loss and qˆ for transverse momentum
broadening. In this work, we relate qˆ to the local tem-
perature T and flow four-velocity u of the QGP medium
as follows [63]:
qˆ(τ, ~r) = qˆ0 ·
T 3(τ,~r)
T 30 (τ0,~0)
·
p · u(τ, ~r)
p0
, (2)
where T0 is the initial temperature at the center of the
QGP medium in most central 0-10% collisions, pµ is the
four-momentum of the propagating parton, and the fac-
tor p · u/p0 is to account for flow effect in a nonstatic
medium [64]. The transport parameters qˆ for quarks
and gluons are connected by the Casimir color factors
qˆgluon/qˆquark = CA/CF, and we also assume the rela-
tion, qˆ = 4T eˆ [65, 66]. Accordingly, only one transport
coefficient (which we choose qˆ0 for quarks) governs the
sizes of all medium effects in Eq. (1), and is tuned to
describe one set of jet quenching observables. In the cur-
rent study, we only include the interaction of jet with the
medium in QGP phase, and the small medium effect in
hadronic phase is neglected, i.e., the jet-medium interac-
tion is turned off when the local medium temperature is
lower than Tc = 160 MeV.
Equation (1) not only describes the evolution of the jet
shower partons, but also determines the energy and mo-
mentum exchange between the shower partons with the
QGP medium. The QGP medium will respond hydrody-
namically to the energy and momentum deposited by the
jet shower, and collective flow can be excited along with
the jet propagation. In our coupled jet-fluid model, we
describe the space-time evolution of the expanding QGP
fluid together with the jet-induced flow by solving the
hydrodynamic equation with source term:
∂µT
µν
fluid(x) = J
ν(x), (3)
where T µνfluid is the energy-momentum tensor of the
medium fluid, and Jν is the source term to describe the
four dimensional energy-momentum density deposited by
the jet shower. In this study, we model the QGP as
an ideal fluid in local equilibrium and assume that the
energy and momentum deposited by the jet are instan-
taneously thermalized. Then the source term may be
constructed as follows [51]:
Jν (x) =
∑
i
∫
dωidk
2
i⊥dφi
2π
δ(3)
(
x− xjet0 −
ki
ωi
t
)
,
× kνi
(
eˆi
∂
∂ωi
+
1
4
qˆi∇
2
k⊥
)
fi(ωi, k
2
i⊥, t) (4)
where φi is the azimuth angle with respect to the jet
axis. Currently in our model, finite viscosities of the
medium fluid, which are essential for more precise de-
scription of the collectivity in heavy-ion collisions, are not
implemented yet [67–72]. They may affect the structural
development of the jet-induced flow, e.g., the finite shear
viscosity smears out the jet-induced shockwave [73–77].
These aspects will be explored in future work.
In our coupled jet-fluid model, Eq. (3) is numerically
solved in the (3 + 1)-dimensional relativistic τ -ηs coor-
dinates with the source term given by Eq. (4), which is
3constructed from the solutions of the jet-shower trans-
port equations (1). We set up the initial condition of the
medium fluid at τ = 0.6 fm/c by applying the optical
Glauber+the modified BGK model [78]. The parame-
ters in the initial condition model for Pb+Pb collisions
at 2.76 ATeV and at 5.02 ATeV are chosen to repro-
duce the pseudorapidity density distribution for charged
particles measured by the ALICE Collaboration [79, 80].
Here, we do not consider the geometrical fluctuation of
the nucleons and their internal structures in the incident
heavy ions to reduce computational cost. These event-
by-event fluctuation effects on the initial condition for the
medium in principle can affect the jet shower evolution
and the medium response to it, and will be investigated
in detail in the future. For the equation of state of the
medium fluid, we employ the parameterizations of the
lattice QCD calculation in Ref. [81]. Along with the hy-
drodynamic expansion, the medium fluid cools down and
eventually turns from QGP to hadronic matter according
to the equation of state. The evolution of the hadronic
matter fluid stops when the freeze-out is accomplished.
In this study, we assume the isothermal freeze-out and
set the freeze-out temperature TFO = 140 GeV.
After finishing the in-medium evolution of the partons
in jet shower according to Eq. (1), we obtain their contri-
bution to the transverse momentum of the reconstructed
jet with a given cone size R as follows:
pshowerT (R) =
∑
i
∫
R
dωidk
2
i⊥ωifi(ωi, k
2
i⊥), (5)
where the subscript R means that the integral is taken
with the constraint, ki,⊥/ωi < R. In our coupled jet-fluid
model, hadron spectra from the medium with the hydro-
dynamic medium response are obtained via the Cooper-
Frye formula [82] as in the conventional hydrodynamic
models (further details are found in Ref. [51]). The pure
contribution from hydrodynamic medium response is es-
timated by subtracting out the hadron spectra of the
background medium (without jet propagation):
d∆Nhydro
d3p
=
dNhydro
d3p
∣∣∣∣
w/ jet
−
dNhydro
d3p
∣∣∣∣
w/o jet
. (6)
To construct the jet including hydrodynamic medium re-
sponse effect, the contribution of d∆Nhydro/d3p is added
to the parton shower part in Eq. (5):
pjetT (R) = p
shower
T (R) + p
hydro
T (R), (7)
phydroT (R) =
∫
R
d3ppT
d∆Nhydro
d3p
, (8)
where the integral for the medium response part is taken
for the region
√
(ηp − η
jet
p )2 + (φp − φ
jet
p )2 < R.
III. RESULTS AND ANALYSIS
In this section, we present the results of full jet observ-
ables from the numerical simulations of Pb+Pb collisions
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FIG. 1. Jet shape function in p+p collisions for jets at
2.76 ATeV and 5.02 ATeV, compared with data from the CMS
Collaboration [25, 83].
at 2.76 ATeV and at 5.02 ATeV using our coupled jet-
fluid model. In the simulations, the jet production points
in the transverse plane ηs = 0 are generated according to
the distributions of the binary nucleon-nucleon collisions
calculated by using a Glauber model simulation [84, 85].
The initial jet spectrum is obtained via PYTHIA simu-
lation [86], and the FASTJET [87] package is employed
for full jet reconstruction in PYTHIA. The jets are as-
sumed to be created at t = 0 and free-stream without
interaction until the thermalization proper time of the
QGP, τ = 0.6 fm/c. Then, the jet shower and the QGP
fluid interact with each other and evolve according to the
jet shower transport equations (1) and the hydrodynamic
equations with source terms (3).
To solve the coupled differential transport equa-
tions (1) for jet shower evolution, the initial conditions
for quark and gluon three-dimensional momentum dis-
tribution have to be provided. We generate them using
PYTHIA [88] with a parameter set tuned to reproduce
the jet shape function in p+p collisions. The jet shape
function is the radial direction distribution of the trans-
verse momentum inside jet and defined as follows:
ρjet(r) =
1
δr
∑
|ri−r|≤
1
2
δr p
i
T∑
ri<R
piT
, (9)
where ri =
√
(ηip − η
jet
p )2 + (φip − φ
jet
p )2, δr is the bin
size, and the sum over i runs over constituents of the full
jets. Figure 1 shows the baseline of the jet shape func-
tion obtained from the PYTHIA simulations, compared
to the experimental data in p+p collisions measured by
the CMS Collaboration [25, 83]. One can see that the jet
shape function for jets with pT > 100 GeV at 2.76 TeV
p+p collisions is steeper than that at 5.02 TeV. Such colli-
sion energy dependence of the initial jet shape can lead to
some difference between the medium modifications of jet
shapes in Pb+Pb collisions at 2.76 ATeV and 5.02 ATeV,
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FIG. 2. Nuclear modification factor RAA of single inclu-
sive jet production with and without taking into account the
contribution from hydrodynamic medium response in central
Pb+Pb collisions at 5.02A TeV for jet cone sizes R = 0.2, 0.3,
and 0.4. Experimental data are taken from the ALICE Col-
laboration [89].
which is illustrated in a later subsection.
A. Jet RAA
We first fix the parameter qˆ0 in our model by compari-
son with the measurements of nuclear modification factor
RAA of single inclusive jet spectra, defined as:
RAA =
1
〈Ncoll〉
d2NAAjet /dη
jet
p dp
jet
T
d2Nppjet/dη
jet
p dp
jet
T
, (10)
where 〈Ncoll〉 is the average number of binary nucleon-
nucleon collisions in a given centrality class, NAAjet is the
number of jets in nucleus-nucleus collisions, and Nppjet is
that in p+p collisions.
Figure 2 shows our results for single inclusive jet RAA
in Pb+Pb collisions at 5.02 ATeV with different jet cone
sizes, compared with the experimental data from the
ALICE Collaboration [89]. Our full results with hydro-
dynamic medium response effect agree reasonably with
the data within the experimental errors. Here, we set
qˆ0 = 1.8 GeV
2/fm for quarks, and use this value for
Pb+Pb collisions at 5.02 ATeV throughout this paper.
As a general feature, one can see that the inclusion of the
hydrodynamic medium response effect rises the value of
RAA, which is simply because some part of energy lost
by the parton shower is now recovered. Also, a clear jet
cone size dependence is observed after the inclusion of
the hydrodynamic medium response effect. A particu-
larly interesting feature is that while most of the energy
in the shower part is well collimated and can be captured
by a narrow jet cone, the energy carried by the medium
response effect spreads widely around the jet axis [51].
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FIG. 3. Ratio of single inclusive jet RAA with jet cone sizes
R = 0.3-0.5 to that with jet cone size R = 0.2 in central
Pb+Pb collisions at 2.76 ATeV. Experimental data are from
the ATLAS Collaboration [90].
Thus, sizable energy can be gained from the medium re-
sponse contribution when the jet cone size is increased.
The same trend of the jet cone size dependence can also
be seen in the ALICE data although the experimental
error bars are still too large to draw a firm conclusion.
Clearer jet cone size dependence can be seen in the
ATLAS data in Fig. 3 which shows the ratios of the sin-
gle inclusive RAA for jets with cone sizes R = 0.3-0.5 to
that with R = 0.2 in Pb+Pb collisions at 2.76 ATeV.
For the simulations of jet events in Pb+Pb collisions at
2.76 ATeV, we set qˆ0 = 1.7 GeV
2/fm for quarks, which
is obtained to reproduce the data for single inclusive jet
RAA taken from the CMS Collaboration [91] in our pre-
vious work [51]. As shown by our calculation as well as
the ATLAS data, when the contribution of the hydrody-
namic medium response is taken into account, jet energy
loss decreases when increasing the jet cone size. Such jet
cone size dependence of jet energy loss and jet quenching
has also been found in previous studies [27, 35, 51, 54]
B. γ-jet asymmetry
Jets tagged with an isolated photon, known as γ-jets,
have been considered as one of the golden channels to
study the jet quenching in ultra-relativistic heavy-ion col-
lisions [92, 93]. The photon does not interact with the
medium, thus its transverse momentum is a good refer-
ence for the initial transverse momentum of the away-
side jet (note that this equality is exact only at the
leading order). Usually, the γ-jet momentum fraction
XJγ ≡ p
jet
T /p
γ
T is used to quantify the transverse momen-
tum imbalance between the photons and away-side jets,
and the in-medium jet energy loss manifests as the mod-
ification of its event distribution, (1/NJγ)dNJγ/dXJγ .
Figure 4 shows the nuclear modification of XJγ dis-
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FIG. 4. Event distribution of γ-jet momentum fraction XJγ
in p+p collisions and in 0-10% centrality (upper) and 30-50%
centrality (lower) Pb+Pb collisions at 5.02 ATeV. The trigger
threshold of the transverse momentum is set to pγT > 60 GeV
for photons and pjetT > 30 GeV for jets. The relative az-
imuthal angle between photon and jet ∆φJγ is required to
be larger than 7pi/8. Results with and without the contribu-
tion of hydrodynamic medium response are shown for Pb+Pb
collisions. Experimental data are taken from the CMS Col-
laboration [94].
tribution in Pb+Pb collisions at 5.02 ATeV. Our model
provides a reasonable description of the XJγ distribution
and its shift towards smallerXJγ in Pb+Pb collisions due
to the jet energy loss. It is noteworthy that the effect of
hydrodynamic medium response in the XJγ distribution
is not as obvious as in the single inclusive jet RAA.
C. Jet shape
The single inclusive jet RAA and the nuclear modifica-
tion of XJγ distribution provide the information on the
overall amount of jet energy loss. More detailed informa-
tion about the medium modification on jet shower evolu-
tion and the medium response to jet transport can be ob-
tained by studying the jet structure observables which are
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FIG. 5. Nuclear modification factor of jet shape function for
single inclusive jets with cone size R = 0.4 in 0-10% central-
ity (upper) and 30-50% centrality (lower) Pb+Pb collisions
at 5.02 ATeV. Results with and without the contribution of
hydrodynamic medium response are shown for jet transverse
momentum cuts pjetT > 30 GeV and p
jet
T > 120 GeV. Experi-
mental data for jets with pjetT > 120 GeV are taken from the
CMS Collaboration [83].
more sensitive to the details on the redistribution of the
energy among the constituents of the jet after traversing
the QGP medium. Jet shape function defined in Eq. (9)
is one of common jet structure observables and describes
the transverse energy profile of jets.
Figure 5 shows the nuclear modification factor of jet
shape function for inclusive jets in Pb+Pb collisions at
5.02 ATeV. One can see that our results for pjetT >
120 GeV both with and without the hydrodynamic re-
sponse effect capture the typical features in the modifi-
cation pattern measured by the CMS Collaboration: a
dip around r ∼ 0.1 due to collimation of the inner hard
core and an enhancement at large r indicating broaden-
ing of the soft tail part. The contribution from hydro-
dynamic medium response does not modify very much
the jet shape at small r, but gives rise to a significant
additional enhancement of the broadening at large r. All
these features in jet shape modification are weaker in
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FIG. 6. Nuclear modification factor of jet shape function for
γ-jets with cone size R = 0.3 in 0-10% centrality (upper) and
30-50% centrality (lower) Pb+Pb collisions at 5.02 ATeV. The
photon has transverse momentum pγT > 60 GeV, and the rela-
tive azimuthal angle between photon and jet is ∆φJγ > 7pi/8.
Results with and without the contribution of hydrodynamic
medium response are shown for jet transverse momentum cuts
pjetT > 30 GeV and p
jet
T > 120 GeV. Experimental data for jets
with pjetT > 30 GeV are taken from the CMS Collaboration
[60].
more peripheral collisions due to smaller size and lower
temperature of the QGP medium. Our predictions on the
jet shape modification for single inclusive jets with lower
transverse momentum cut pjetT > 30 GeV showmonotonic
broadening behavior, which is drastically different from
that for pjetT > 120 GeV. This transverse momentum de-
pendence in jet shape modification has been predicted by
our previous work [49]. Also, the effect of hydrodynamic
medium response presents stronger enhancement at large
r for jets with lower jet transverse momentum.
Figure 6 shows the nuclear modification factor of
jet shape function for γ-jets in Pb+Pb collisions at
5.02 ATeV. Our results for pjetT > 30 GeV show the mono-
tonic increase as a function of r for the nuclear modifi-
cation factor due to the broadening effect, which agrees
reasonably well with the experimental data. It has been
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FIG. 7. Nuclear modification factor of jet shape function for
inclusive quark jets and inclusive gluon jets with cone size
R = 0.3 in central Pb+Pb collisions at 5.02 ATeV. Results
with and without the contribution of hydrodynamic medium
response are shown for jet transverse momentum cuts pjetT >
30 GeV and pjetT > 120 GeV.
argued that the disappearance of the dip structure in γ-
jets with pjetT > 30 GeV as compared to the inclusive jets
with pjetT > 120 GeV (seen by the CMS Collaboration)
is due to different parton flavor compositions (quark or
gluons) and the flavor dependence of jet energy loss [47].
However, our results for γ-jets with pjetT > 120 GeV also
have a clear dip structure, which is similar to single in-
clusive jets with pjetT > 120 GeV. This indicates that
whether the dip appears or not is more determined by
jet transverse momenta. Jets usually consist of a hard
inner core and soft outer part. For higher energy jets, al-
though the outer soft part can be easily changed by the
QGP medium, the inner core is hard to modify. This pic-
ture naturally explains the dip structure at intermediate
r (i.e., enhancement at both small and large r) in the nu-
clear modification factor of jet shape function. However,
for lower energy jets, the inner core can be also modified
by the QGP medium, which leads to the energy flow from
inner to outer parts of the jet, thus the nuclear modifi-
cation of jet shape function increases monotonically as a
function of r.
To illustrate that the modification pattern of jet shape
mainly depends on the jet transverse momentum rather
than jet flavor, we show in Fig. 7 the nuclear modifica-
tion factors of jet shape functions separately for quark
jets and gluon jets. One can see that the jet shape mod-
ification patterns are almost the same for quark jets and
gluon jets. For large transverse momentum jets, one can
see both the collimation of the jet at small r and the
broadening of the jet at large r. For low transverse mo-
mentum jets, the monotonic broadening behavior is ob-
served. These features are similar to both inclusive jets
and γ-jets.
We finally present the collision energy dependence of
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FIG. 8. Nuclear modification factor of jet shape function for
inclusive jets (upper) and γ-jets (lower) with cone size R = 0.3
in central Pb+Pb collisions at 2.76 ATeV and 5.02 ATeV.
Results with and without the contribution of hydrodynamic
medium response are shown for jet transverse momentum cuts
pjetT > 30 GeV and p
jet
T > 120 GeV.
the jet shape modification for central Pb+Pb collisions
in Fig. 8. While the basic trends of the jet shape modi-
fication are the same at both 2.76 ATeV and 5.02 ATeV,
there is sizable difference in large r region. Since jets
produced at 5.02 ATeV are broader than at 2.76 ATeV
(see Fig. 1), we find smaller broadening effect at larger r
for Pb+Pb collisions at 5.02 ATeV.
IV. SUMMARY
In this paper, we have studied the full jet modifica-
tions in Pb+Pb collisions at 2.76 ATeV and 5.02 ATeV
using our coupled jet-fluid model. The evolution of par-
ton shower in the QGP medium is described by a set
of coupled differential transport equations for the three-
dimensional momentum distributions of shower partons
in the jet. The collisional energy loss, transverse momen-
tum broadening, and medium-induced partonic radiation
are taken into account for both leading and radiated par-
tons. The space-time evolution of the energy and momen-
tum deposited by parton shower to the medium, together
with the evolution of the bulk medium, is described by
the relativistic ideal hydrodynamic equation with source
term. The source term represents the energy-momentum
transfer from the parton shower to the medium, and
is constructed from the solutions of the parton shower
transport equations. Our final jets include the contribu-
tions from both hard jet shower part and soft medium
response effect, the later is obtained via the Cooper-Frye
formula after subtracting the background (without jet).
Based on the simulations with the coupled jet-fluid
model, we have calculated various full jet observables for
single inclusive jets and γ-jets. For the single inclusive
jet RAA, we saw the sizable contribution from the hydro-
dynamic medium response, which partially compensates
the energy loss of the jet shower. In particular, we find
remarkable jet cone size dependence due to the hydrody-
namic medium response. The jet cone size dependence
in jet RAA can indeed be seen in experimental measure-
ments in Pb+Pb collisions at 5.02 ATeV by ALICE and
at 2.76 ATeV by ATLAS, which can be well described by
our full model calculations. Our calculation for the γ-jet
asymmetry distribution at 5.02 ATeV also agrees with
the CMS data, and we find that the medium response
effect gives small contribution to γ-jet asymmetry.
We have also presented a systematic study on the nu-
clear modification of jet shape function for different jets
flavors, jet transverse momentum cuts and collision en-
ergies. In all cases, the hydrodynamic response effect
contributes additional jet broadening in the large-r re-
gion (r > 0.15-0.25). Our study shows that the overall
pattern of the jet shape modification is sensitive to jet
transverse momenta. For large jet transverse momen-
tum (pjetT > 120), the nuclear modification factor of jet
shape has a clear dip structure due to the collimation
around the inner hard core of jet and the enhancement at
larger r due to the broadening effect. However, for small
jet transverse momentum (pjetT > 30 GeV), we observe
the monotonic broadening behavior for inclusive jets, γ-
jets, quark-initiated jets and gluon-initiated jets. Our
model calculations can reasonably describe the experi-
mental data for both inclusive jets with pjetT > 120 GeV
[83] and γ-jets with pjetT > 30 GeV. Our result may be
tested by further experimental analysis with different jet
transverse momentum cuts, in particular, using lower pjetT
cut for inclusive jets and higher pjetT cut for γ-jets.
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